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Abstract 
New high performance optical systems require highly durable, broadband window 
materials in larger sizes than are currently available.  To meet this need, a low cost edge-
bonding process was developed for producing large area sapphire windows from smaller, 
melt-grown blanks.  The method uses a polycrystalline  alumina interlayer to promote 
diffusion and single crystal conversion at the interface between two sapphire substrates 
and produce high strength bonds.  The goal of the current research effort is to determine 
the optimal alumina composition for maximum bond strength.  
 
Polycrystalline alumina fillets containing various chemical additives were prepared by 
tape casting for use in bonding trials.  Oriented sapphire blanks were edge bonded in a 
furnace with special fixtures to accurately align and apply a load to the components 
during heat treatment.  This approach is consistent with and builds upon the methods 
used in the previous edge-bonding studies.  Flexure strength of the bonded samples, as 
compared to monolithic sapphire, was used as the performance metric.  Additional 
bonding runs were carried out using the highest performing fillet composition in order to 
provide a sufficient number of specimens to conduct a Weibull analysis of the failure 
probability of the bonded material as a function of applied stress. 
 
A high purity alumina composition containing 3 wt.% SiO2, 0.05 wt.% MgO, and 
0.05 wt.% Ti, produced the highest strength bonds.  This composition yielded an average 
fracture strength of 255 MPa (37 kpsi), a Weibull modulus of 8.2, and a characteristic 
 
 
i 
strength of 269 MPa (39 kpsi).  These results compare favorably to monolithic sapphire 
specimens which yielded an average fracture strength of 284 MPa (41 kpsi). 
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Introduction 
Durable materials with good optical properties are required for windows used to shield 
high quality imaging systems on airborne platforms (Figures 1 & 2).  High strength, 
hardness, and erosion resistance, coupled with efficient transmittance of visible and near 
infrared spectral wavelengths is necessary, with the overriding requirement for high 
speed operation (at or above Mach 4) being resistance to thermal shock caused by 
aerodynamic heating [1].  Some of the materials used for these applications include zinc 
sulfide (ZnS), aluminum oxynitride (AlON), magnesium fluoride (MgF2), and sapphire 
(single crystal aluminum oxide).  As airborne platforms become more sophisticated, 
operating at higher speeds and in harsher environments, the durability and optical 
transmission requirements for the windows surpass the capabilities of most materials.  In 
addition to increasing durability and optical requirements, window apertures are also 
becoming larger and more complex as a greater number of optical systems are being 
employed [2]. 
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Figure 1.  F-16 fighter aircraft with IR optical sensor pod (indicated by arrow). 
 
 
Figure 2.  F-16 aircraft Forward Looking Infra-Red (FLIR) optical sensor pod with 
sapphire windows. 
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As operating requirements for IR window materials become increasingly severe, sapphire 
is emerging as the premier infrared window material due to its combination of optical 
quality, high strength, and erosion and thermal shock resistance [3].  Sapphire is currently 
employed in at least one military production optical system and is the leading candidate 
window material for several others [4].  It is the hardest, most environmentally durable, 
lowest scatter window material available for use in the visible, near infrared (<4.5µm), 
and ultraviolet (<0.3µm) spectrums.  It is more resistant to thermal shock than spinel, 
yttria, and AlON, and its high thermal conductivity allows it to rapidly dissipate heat and 
reduce thermal gradient effects [1,5].  The major limitation of sapphire for use in window 
applications is that it cannot be produced in sizes large enough to meet some proposed 
system requirements.  As larger and, in some cases, curved window apertures are now 
being employed, considerable effort is being devoted to the fabrication of sapphire 
windows from 300 mm to 600 mm in diameter.  Ultimately, windows as large as 750 mm 
in diameter are desired.  
 
For apertures larger than 300 mm in diameter, the only window material currently 
available is clear zinc sulfide (ZnS).  The fracture strength of clear zinc sulfide is 
approximately 70 MPa (10,000 psi) [6].  In order to achieve adequate strength for 
deployment, zinc sulfide windows must be very thick which negatively impacts their 
weight, cost, and optical quality.  Sapphire, on the other hand, has a fracture strength 
which is six to ten times higher than zinc sulfide allowing windows to be much thinner, 
lighter and with less optical scatter.  Although sapphire window material is produced 
commercially by several manufacturers using various growth techniques, the largest 
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optical quality blanks available are not much larger than 300 mm in diameter.  Scaling 
the current sapphire crystal growth processes to produce the desired window sizes is cost 
prohibitive and technically risky; and growing high quality, homogeneous crystals in 
much larger diameters may have intrinsic limitations.  A method of joining smaller 
sapphire panes into suitably strong, optically transparent, large area windows is therefore 
required to circumvent these limitations. 
 
To meet this need, a low cost edge-bonding process was developed for producing large 
area sapphire windows from smaller, melt-grown blanks [7].  The method is essentially a 
diffusion bonding process which utilizes a thin polycrystalline alumina fillet, inserted 
between the sapphire substrates.  Applying heat and pressure promotes diffusion and 
growth of the sapphire crystal across the bond interface to produce a high strength bond 
(Figure 3).  Growth of the sapphire into the polycrystalline fillet occurs through the 
process of secondary recrystallization wherein a small number of larger grains (in this 
case a single large grain) grow by consuming smaller grains.  The driving force for this 
reaction is the reduction in surface free energy which results from the overall decrease in 
grain boundary surface area.  Using this joining method, bonded sapphire substrates with 
fracture strengths as high as 32,000 psi have previously been achieved.   
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Figure 3.  Sapphire bonding process schematic: (a) before temperature and pressure, (b) after temperature and pressure.
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One of the most important parameters of this edge-bonding process is the composition of 
the alumina interlayer.  Additives to the alumina which help maintain a uniform 
microstructure, enhance mass transport, diffusion and grain boundary mobility, and 
improve wetting can have a major impact on the quality and strength of the resultant 
bond.  Optimization and control of the interlayer chemistry is therefore critical if one 
hopes to attain uniform, high strength joining.  It is the goal of this research effort to 
investigate the effect of interlayer composition on the strength of sapphire bars joined 
using the edge-bonding process and to optimize the chemical composition of the 
interlayer in order to maximize bond strength.  The findings from this study will be 
applied in a related industrial effort to fabricate sapphire windows as large as 600 mm in 
diameter. 
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Background 
Sapphire 
Sapphire (single crystal aluminum oxide) is commonly considered to be a dark blue 
gemstone.  In fact, pure sapphire is colorless, and it is the presence of trace chemical 
impurities in the crystal (titanium and iron in the case of blue sapphire) that creates the 
gemstone's characteristic coloring.  Pure sapphire, also known by the mineral name 
corundum, is not only colorless, but it is also the hardest of the oxide ceramics, is heat 
and corrosion resistant, has high thermal conductivity and has excellent optical 
transmission properties.  This unique combination of optical, physical and chemical 
properties makes sapphire an excellent candidate for infrared window applications.  Table 
1 lists many of the important properties of sapphire with regard to window applications.  
The properties of clear zinc sulfide, an alternate IR window material, are shown for 
comparison. 
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Table 1.  Typical Properties of Sapphire [6]. 
 Sapphire Clear ZnS 
Physical/Mechanical   
Density 3.98 g/cm3 4.16 g/cm3 
Tensile Strength1 400 MPa - 
Compressive Strength1 2,500 MPa - 
Young’s Modulus 350 GPa 7.5 GPa 
Modulus of Rupture1 450 - 650 MPa 60 MPa 
Bulk Modulus 228 GPa - 
Poisson’s Ratio 0.28 0.28 
Hardness 2200 Knoop(⊥ to c-axis) 160 Knoop 
Thermal   
Melting Point 2053°C sublimes > 800 °C 
CTE 4.5 x 10-6/°C(⊥ to c-axis) 6.3 x 10-6/°C 
Thermal Conductivity 0.36 W/cm-°C 0.27 W/cm-°C 
Specific Heat 1.99 J/cm3-°C 2.1 J/cm3-°C 
Chemical   
Acid Resistance resistant to all acids soluble in most acids 
Weather Resistance not affected by pollution not affected by pollution 
Salt Water Resistance not affected by salt water not affected by salt water 
Optical   
Index of Refraction 
1.768 ordinary at 550 nm 
 
1.760 extraordinary at 550 nm 
2.35 at 633 nm 
Birefringence 0.0087 at 550 nm none 
dn/dT 
 
2.0 x 10-5 ordinary. at 550 nm 
 
5.3 x 10-5 ex. ordinary at 550 
6.4 x 10-5 at 633 nm 
 
                                                 
1 Strength is highly dependent on surface treatment, see ref. [32] pg 614. 
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Because sapphire crystallizes in a nearly hexagonal lattice, its optical and mechanical 
properties are anisotropic.  The crystal structure of sapphire is shown in Figure 4.  The  
c-axis [0001], also called the optic or ordinary axis, is normal to the basal plane and has  
3-fold symmetry. Three a- [1120] and three m- [1010] axes, called extraordinary axes, 
alternate at 30° angles in the basal plane.  The a- and m- planes are perpendicular to the  
a-  and m- axes.  Rhombohedral r- and n-  planes are also present, inclined at 57.6° and 
61.2° to the c-axis, respectively. 
 
One of the major effects of the crystal anisotropy is the phenomenon of birefringence, a 
result of the difference between the ordinary and extraordinary indices of refraction.  This 
difference causes light to be split as it passes through the crystal creating multiple 
images.  Fortunately, there is only a small difference in the refractive index of the 
ordinary and extraordinary rays in the sapphire crystal, and this difference can be 
tolerated by all but the highest quality imaging systems [8].  
 
The fracture strength of sapphire is not an intrinsic property.  In the published literature, 
room temperature fracture strength values ranging between 20,000 and 1,000,000 psi are 
reported.  The measured strength of sapphire is dependent upon several factors such as: 
surface finish, crystallographic orientation, temperature, thermal history, strain rate, and 
the sapphire growth process.  Within this wide range of reported values, 50,000 psi is 
often used as  the "typical" strength value for sapphire with ground surfaces, while a 
value of 70,000 psi is commonly used for polished sapphire [9].
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Figure 4. Sapphire crystal showing 3-fold symmetric optical axis (ordinary direction) 
and 2-fold-symmetric extraordinary direction.  Sapphire crystal cleavage faces 
are designated c, n, r, and a as indicated.  The angle between the 3-fold c-axis 
and the normal to face n is 61°.  The angle between the c-axis and the normal 
to the face r is 57.6°.  Three a- [1120] and three m- [1010] axes alternate at 30° 
angles in the basal plane (from ref. [8]). 
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Sapphire Crystal Growth 
Sapphire crystals used for window applications are typically produced by either of two 
processes. The heat exchanger method (HEM) is one of the ways in which very large, 
sapphire crystals, called boules, are grown.  In this process, depicted in Figure 5, 
polycrystalline aluminum oxide is loaded in a molybdenum crucible containing a 
sapphire seed crystal.  The seed crystal is mounted on a heat exchanger centered at the 
bottom of the crucible.  While the crucible is evacuated and heated to melt the alumina, 
the seed is prevented from melting by the flow of cooled helium gas through the heat 
exchanger.  When the alumina charge is fully molten, the flow of gas is gradually 
increased which lowers the temperature in the region of the seed crystal.  This causes the 
molten alumina to gradually solidify around the seed and the sapphire crystal to grow 
outward into the melt.  The entire alumina charge may take several days to solidify, after 
which it is annealed just below its melting point to alleviate residual stresses.  A very 
slow cool down results in a large, stress free sapphire boule [10].  Boules measuring up to 
30 cm in diameter and weighing up to 30 kg have been produced using this technique 
(Figure 6).  Crystallographically oriented sheets can then be cut from the boule and 
polished to an optical finish for window applications. 
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Figure 5.  Heat exchanger method for single crystal sapphire growth. 
 
 
 
Figure 6. 30 cm diameter, 30 kg boule of sapphire grown by the heat exchanger method 
(photo courtesy of Crystal Systems Inc.) 
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An alternative method of sapphire crystal growth is edge-defined, film-fed growth or the 
EFG method [11].  This is a variation of the Czochralski technique which uses a rotating 
single crystal seed dipped into the surface of the molten base material.  The seed is 
slowly withdrawn, and a cylindrical boule is grown from the melt.  For the EFG method, 
high purity alumina feed stock is melted in an inductively heated molybdenum crucible.  
A shaped die is inserted into the melt and the molten liquid rises through capillary 
channels to the top of the die where it forms a liquid film.  A high quality, oriented seed 
crystal is introduced at the top of the die, and the tip of the seed is melted at the liquid 
film surface.  The seed is then pulled upward at a controlled rate and crystal growth is 
maintained by careful regulation of the temperature of the melt and the die.  The 
geometry at the top of the die determines the shape of the growing crystal, producing near 
net shape crystals which require a minimum of machining.  The EFG process has 
demonstrated the capability to produce a wide variety of shapes and sizes of single crystal 
sapphire, from continuous sapphire filament to flat sheets and even hemispherical domes. 
 
Single crystal sapphire sheets suitable for window blanks measuring 30.5 cm wide x  
48 cm long x 0.25 cm thick have been produced using this technique.  The various 
elements of the EFG process are shown in Figures 7 and 8.  Typical sheet growth 
parameters for large area windows are listed in Table 2. 
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Figure 7. Edge-defined, film-fed growth (EFG) method for growing single crystal 
sapphire sheet. 
 
  Table 2:  Sapphire Sheet Growth Parameters [12] 
Growth Speed (cm/hour) 3.5 - 5 
Length of run (hours) 20 
Maximum Size (cm)  
Length 61 
Width 30.5 
Thickness 0.3 
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 Figure 8. 450 mm x 150 mm sapphire sheet produced by the edge defined, film-fed 
growth (EFG) process. 
 
Sapphire Bonding 
Many modern optical systems have apertures which greatly exceed the largest sapphire 
windows which can currently be produced by either the heat exchanger method or the 
edge-defined, film fed growth technique.  An alternative to growing larger crystals for 
window fabrication is to join two or more melt grown sapphire blanks to attain the 
desired window sizes.  Since conventional adhesives are not able to withstand the high 
temperatures and stresses encountered during window deployment, other methods of 
achieving a suitable bond have been investigated.  The most promising techniques for 
joining thin sapphire panes into suitably strong, large windows are frit bonding, brazing, 
and diffusion bonding. 
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Frit bonding is a fusion process in which a glass frit (a slurry of fine glass particles in an 
appropriate carrier liquid) is applied to the surfaces to be bonded and then heated to a 
molten state while the surfaces are held in close contact.  Bonding occurs upon cooling 
and solidification of the glass through a combination of wetting and chemical reaction 
between the molten glass and the substrate material [13].  Frit bonding of sapphire is 
complicated by the anisotropic coefficient of thermal expansion of sapphire which often 
results in splitting of the bond line during cooling due to the thermal expansion 
mismatch. 
 
Edge bonding of thin (15 mm thick) sapphire samples was investigated by Pazol et. al. 
using a glass frit spray coating applied to a compound (V-shaped) joint [14].  Bonding 
occurred at 1000 °C, followed by a 6 hour anneal at 625 °C.  Bond strengths as high as 
14000 psi, the inherent strength of the frit glass, were achieved using this approach.  In a 
separate study conducted by Gentilman, McGuire, and Askinazi, four sapphire panes 
were joined in a two step bonding process using two glass frits with different melting 
temperatures [15].  Although strength was not measured, the bonded sapphire was 
successfully polished into a 400 mm x 320 mm window, currently the largest polished 
sapphire window in existence (Figure 9).  
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 Figure 9.  Polished sapphire window 400 mm x 320 mm produced by frit bonding four 
individual panes [15]. 
 
Brazing is a process similar to frit bonding in which an intermediate layer of reactive 
metal is inserted between the two materials to be bonded in place of the glass slurry.  The 
heated, molten metal wets the two materials and bonds them upon cooling.  This 
technique is commonly used to join dissimilar metals and also for ceramic to metal seals.  
Brazing of ceramics is generally more difficult because most commercially available 
brazes do not effectively wet ceramics.  Also, the thermal expansion of the braze must 
match that of the ceramic or the braze must be compliant enough to accommodate the 
stresses generated upon cooling [13]. 
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Direct metal brazing of sapphire has been investigated using Cu-Au-Ti and Cu-Ag-Ti 
braze systems.  Reported strengths for bonding polycrystalline alumina substrates with 
these systems are as high as 32,000 psi [16].  Although this technique has great potential 
for bonding sapphire, it has met with only limited success so far.  The maximum strength 
achieved for bonded sapphire using either system was 16,000 psi, and these results were 
reported to be sporadic and non repeatable [17]. 
 
Diffusion bonding differs from both frit bonding and brazing in that neither of the 
component materials are melted during the joining process.  Bonding occurs through 
plastic deformation and solid state transport across the bond interface.  Since the substrate 
materials are effectively fused, bond strengths can be very high.  Diffusion bonded 
sapphire has the potential to reach the strength of monolithic sapphire.  The two key 
requirements of the diffusion bonding process are: 1) the surfaces to be joined must be in 
intimate contact, and 2) sufficient solid state transport between the substrates must occur 
in a reasonable amount of time.  Intimate contact is achieved by polishing the surfaces to 
be joined and by applying substantial pressure during bonding.  The diffusion process is 
moderated by pressure, temperature, and time.  Ideally, the process conditions produce 
plastic deformation locally at the joint surfaces which allows creep and diffusion to seal 
the interface and produce a bond.  
 
Diffusion bonding of alumina ceramic was demonstrated by Scott and Tran, who joined 
fully dense, MgO doped (750 ppm), polycrystalline alumina cylinders, under high heat 
and pressure, into a monolithic part [18].  A microstructurally uniform bond was 
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achieved with grain growth across the original interface.  The bonding process had 3 
successive stages: sintering, hot forging and annealing. In the first stage, alumina 
compacts were sintered in an H2 atmosphere to 1500 °C producing >99% dense alumina 
cylinders.  Cylinders were then aligned and hot forged in a vacuum hot press at 
temperatures between 1200-1500 °C and pressures up to 138 MPa (20,000 psi).  After hot 
forging, samples were resintered at 1875 °C to promote additional grain growth.  
Inspection of the compacts after hot forging showed gaps in the bond line ranging from 6 
µm to >25 µm depending on forging temperature.  After annealing, it was shown that 
gaps greater than 25 µm did not seal, gaps between 10 µm and 25 µm sealed but showed 
porosity at the interface, and gaps less than 10 µm were fully sealed and the bond 
interface eliminated.  This result reinforces the importance of intimate contact for 
successful diffusion bonding.  Typical bond line microstructures are shown in Figure 10.  
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Figure 10. Microstructure at interface between hot forged alumina compacts.  Hot forged 
gap of 24 µm persists after annealing (left).  Hot forged gap of 6 µm eliminated 
by grain growth across the interface during annealing (right) [18].   
 
Diffusion bonding of sapphire blanks whose edges are butted directly against each other 
has met with only limited success.  Sapphire does not readily deform except at extremely 
high temperatures and, since it is a single crystal material, there are no grain boundaries 
to promote diffusion, making bonding very difficult.  A particularly challenging aspect of 
edge bonding large planar substrates via diffusion is devising methods of applying 
pressure to and maintaining proper alignment of the samples at the very high 
temperatures required for bonding.  Reported attempts at direct diffusion bonding of 
sapphire have produced bond strengths of only ~7400 psi with less than 25% of the bond 
area being fused [17]. 
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As an alternative to direct diffusion bonding, an intermediate material may be inserted 
between the surfaces to be bonded in order to promote diffusion and decrease the 
pressure, temperature, and time required for bonding.  For the case of bonding sapphire, 
inserting a polycrystalline alumina fillet between the sapphire substrates provides a 
deformable interlayer with grain boundaries for diffusion.  During the diffusion process, 
the polycrystalline alumina may also convert to a single crystal microstructure through 
the process of secondary recrystallization.   
 
Secondary recrystallization occurs when a small fraction of grains (or a single grain) 
grow to an abnormally large size by consuming smaller grains.  The driving force for 
secondary recrystallization is the reduction in surface free energy which results from the 
overall decrease in grain boundary surface area, resulting from the simple fact that a 
single large grain has a lower surface area than a large number of smaller grains [19].  
Furthermore, since grain boundaries migrate towards their center of curvature, the 
smaller grains with greater curvature tend to shrink while the lesser curvature of the large 
grain allows it to grow larger, consuming the smaller grains.  The occurrence of this 
exaggerated grain growth requires a microstructure in which the average grain size is 
uniformly small and the presence of at least one grain which is larger than the average 
[20].  In the current context, the sapphire substrate acts as the single large grain which 
grows and consumes the polycrystalline fillet.   
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The process of secondary recrystallization is illustrated in Figure 11, which shows the 
solid state growth of a large alumina single crystal into a uniform polycrystalline alumina 
matrix [20].   
 
   
Original 
Interface 
Polycrystalline 
Matrix 
Growth 
Region 
 
Figure 11.  Growth of a large Al2O3 crystal into a matrix of uniformly sized grains [19]. 
 
The solid state conversion of polycrystalline alumina to single crystal sapphire is 
achieved through careful control of chemical impurities and thermal treatment.  This 
conversion process is well documented and has been successfully applied to the 
commercial production of high pressure sodium lamps for industrial lighting  
applications [21]. 
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Effect of Additives 
For both the diffusion bonding and secondary recrystallization processes, the presence 
and control of chemical impurities is crucial to success.  Microstructural development 
during the high temperature processing of alumina has long been known to be highly 
sensitive to the presence of impurities [22].  Additives of interest fall into one of two 
categories: those that suppress grain growth and maintain a uniformly small, stable grain 
structure, and those that enhance diffusion and promote secondary recrystallization and 
exaggerated grain growth.  Magnesium oxide, for example, is a well known sintering aid 
used to inhibit grain growth and achieve high densities in sintered alumina.  MgO 
decreases the rate of grain growth by lowering grain boundary mobility, preventing the 
occurrence of abnormally large or exaggerated grains [23].  Intergranular pores, which 
are normally eliminated through grain boundary diffusion during sintering, can become 
trapped within or between abnormally large grains, making it impossible to achieve full 
density.  The presence of MgO is considered critical to achieving densities ≥ 99% of 
theoretical in commercially processed alumina.  The effectiveness of MgO in suppressing 
abnormal grain growth, however, depends greatly on the purity of the starting alumina 
powder and is very sensitive to the presence of a liquid phase during sintering [24].   
 
The presence of a liquid phase, on the other hand, enhances diffusion and is a necessary 
condition for exaggerated grain growth [25].  Additions of silica or calcia to alumina 
beyond their solubility limits, for example, form a glassy film at the alumina grain 
boundaries which increases surface diffusion and catalyzes anisotropic, exaggerated grain 
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growth [26].  Doping alumina with both MgO and SiO2 has been shown to reduce the 
grain anisotropy and result in equiaxed exaggerated grains [27]. 
 
Addition of titania in small amounts is known to enhance densification and promote grain 
growth in alumina.  Ti additions in the range of 0.1 - 0.3 at.% have also been shown to be 
very effective in promoting crystal growth in alumina by enhancing both diffusion and 
grain boundary mobility [28].  The boundary mobility of a sapphire crystal grown into a 
Ti-doped alumina compact was determined to be three times greater than the boundary 
mobility in a nominally undoped alumina compact [22].  It has also been determined that 
the presence of titania increases the rate of diffusivity (mass mobility) in sapphire, where 
there is no liquid phase present, by increasing the cation (Ti4+) vacancy  
concentration [29].  Titanium has also been found to enhance the conversion of 
polycrystalline alumina to sapphire as are other cations having a +3 valence such as 
gallium and chromium [21]. 
 
Current Work 
Recent work reported by Gentilman et. al. describes a process for edge-bonding sapphire 
via diffusion using a polycrystalline alumina interlayer [30].  The sapphire substrates 
used in the study were a-plane bars produced by the EFG method, oriented such that the 
m-plane was the bonding surface.  A polycrystalline alumina fillet, ~ 0.5 mm thick, was 
inserted between the sapphire substrates and uniaxial loads up to 10 MPa (1500 psi) and 
temperatures between 1600-1750 °C were applied to promote diffusion and bonding.   
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Inspection of the bond interfaces after successful bonding, showed evidence of plastic 
deformation of the ceramic fillet and growth of the sapphire into the polycrystalline fillet 
from both sides.  
 
Fracture strengths of roughly diced "quick look" samples and of carefully polished MOR 
bars were measured in four-point bending.  Both bonded and unbonded samples were 
characterized for comparison.  The fracture strength results, shown in Table 3, indicate 
that the strength of the bonded samples reached as high as 70% - 80% of the strength of 
the unbonded sapphire depending on the surface finish.   
 
 Table 3. Fracture Strength Test Results [30]. 
 Quick-Look Tests Formal Tests 
 m-plane bonded 
m-plane 
no bond 
m-plane 
bonded 
m-plane 
no bond 
Average (MPa) 212 244 221 314 
Std. Dev. (%) 20.8 19.5 15.5 10.6 
Number 14 14 7 5 
 
 
Optical characterization included in-line transmission measurements from 0.3 to 14 µm 
wavelength and transmitted wavefront quality in the visible band (Figure 12).  There was 
no detectable difference in transmission or transmitted wavefront quality between the 
bonded and unbonded samples, indicating that the bonding process should not limit the 
optical quality of large area, segmented window blanks. 
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Figure 12.  Transmittance spectra of bonded sapphire [30]. 
 
The current research effort seeks to further develop and improve this sapphire edge 
bonding process by investigating the effect of the alumina fillet composition on bond 
strength and by experimentally determining the composition which best promotes 
diffusion and single crystal conversion and produces the highest strength bond.  The 
improved bonding process will then be scaled up in a related industrial effort to fabricate 
high strength, low cost, sapphire windows as large as 600 mm in diameter.   
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Objective and Goals 
The objective of this research is to optimize a diffusion bonding process for producing 
large area, high strength, high optical quality sapphire windows from smaller panes. 
 
The intended goals of this effort are to: 
1.  Investigate the effects of several chemical additives on the diffusion bonding 
characteristics of alumina. 
2. Experimentally determine the optimal alumina composition for edge-bonding 
sapphire. 
3. Produce bonded sapphire specimens with strengths equaling that of monolithic 
sapphire. 
4. Characterize the strength and failure statistics of the bonded sapphire via Weibull 
analysis. 
5. Advance the state of the art in large area sapphire window fabrication. 
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Experimental Plan 
Overview 
The primary goal of this research was to determine the optimal alumina composition for 
producing high strength diffusion bonds between oriented and aligned sapphire 
substrates.  The experimental plan was designed so that the research would be conducted 
in an iterative manner, using the results of early bonding trials to direct ensuing 
experiments and zero in on the optimal composition.  Initial compositions were selected 
based on a review of existing literature related to the effects of various chemical additives 
on the diffusion promoting and grain growth characteristics of polycrystalline alumina.  
Custom formulated alumina compositions were prepared by tape casting to provide fillet 
material for the bonding trials.  Bonding was carried out in a specialty furnace, designed 
to allow the bonding process to be scaled to very large window sizes.  Bonded samples 
were characterized by mechanical testing, optical and scanning electron microscopy, and 
energy dispersive spectroscopy.  Flexure strength of the bonded samples as compared to 
monolithic sapphire was used as the performance metric.  After all samples had been 
evaluated, additional bonding runs were carried out using the highest performing fillet 
composition in order to provide a sufficient number of specimens to conduct a Weibull 
analysis of the failure probability of the bonded material as a function of applied stress.  
The experimental plan is illustrated as a flowchart in Figure 13. 
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 Formulate Alumina Composition
Cast and Sinter Fillets
Literature Survey
Bonding Trials
Flexure Testing
Select Optimal Fillet
Repeat Bonding Trials
SEM/EDS AnalysisFlexure Testing
Weibull Analysis
 
 
Figure 13.  Overview of Experimental Plan. 
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Alumina Fillet Compositions 
In order to maintain a reasonable scope of investigation,  experimental alumina 
formulations were limited to three additives to the base powder.  The selected additives 
were silica, magnesia, and titanium.  These were chosen as having the most potential 
impact on bonding, based on information gleaned from published literature and also from 
discussions with other researchers experienced in this arena.  The binary phase diagrams 
for each of these components in combination with aluminum oxide are presented in the 
Appendix.   
 
The starting powder was either Alfa-Aesar 35839 high purity alumina powder 
(99.99 wt%) with an average particle size of 0.4 µm, or Baikowski, CR-3 high purity 
alumina (99.9 wt% purity) which contains 500 ppm MgO and has an average particle size 
of 1.0 µm.  Silica additions were in the form of fumed silica powder (Cabot Corp., 
Tuscola, IL).  Titanium was added to the alumina powder as titanium (IV) isopropoxide 
(Sigma-Aldrich, Milwaukee, WI).  A total of five (5) different alumina fillet formulations 
were prepared for use in bonding trials.  Exact compositions are listed in Table 4. 
 
 Table 4.  Fillet Compositions (% by weight) 
Composition Al2O3 SiO2 MgO Ti 
A* 97.00% 3.00%   
 B** 96.95% 3.00% 0.05%  
 C** 98.95% 1.00% 0.05%  
 D** 96.90% 3.00% 0.05% 0.05% 
E* 100%    
 * 35839, Alfa-Aesar, Ward Hill, MA.  
 ** Bakelox CR-3, Baikowski, Paris, France.  
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Fillet Preparation 
Fillet material was produced by tape casting.  The tape casting process uses a fluid 
suspension of ceramic particles held in a reservoir behind a pair of doctor blades which 
are set at a predetermined height above a carrier substrate (Figure 14).  As the doctor 
blade/reservoir assembly is moved relative to the carrier, a wet film of slip is metered out 
under the doctor blades onto the carrier surface, which then dries into a flexible, green 
ceramic tape [31]. 
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Figure 14. Tape casting process schematic [31]. 
 
Tape casting slurries were prepared by mixing the powder components with a polymer 
binder resin (SM73305, Ferro Corp.), a surfactant (M-1135, Ferro Corp.) to keep the 
particles dispersed in suspension, and a release agent (M-1026, Ferro Corp.) to facilitate 
removal from the carrier.  A solvent mixture (60% toluene: 40% ethanol) was used to 
adjust the viscosity of the slurry for casting.  Mix ratios for each formulation are shown 
in Table 5. 
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 Table 5.  Formulations for Tape Casting Slurries 
Composition A B C D E 
Powder Weight (g) 100 100 100 100 100 
Binder Wt. (g) 103 125 125 125 100 
Surfactant (g) 2 2 2 2 2 
Release Agent (g) 2 2 2 2 2 
Solvents (ml) 15 20 20 20 20 
 
 
Slurry components were mixed on a roller type, ball mill for up to 72 hours.  The front 
and rear doctor blades were set to a height of 1.25 mm and 0.63 mm, respectively.  A 
glass substrate was used for casting.  As-cast tapes measured 250 µm - 320 µm thick.  
Green tapes were cut into 50 mm x 50 mm squares, stacked three layers high, and 
laminated at 60 °C and 2000 psi to achieve a thickness of approximately 500 µm.  
Laminated tapes were then sintered between porous alumina substrates, in air, at 1450 °C 
for 3 hours.  Sintered tapes were trimmed to 30 mm x 4 mm fillets, lapped to a thickness 
of approximately 250 µm, and polished using 6 µm and 1 µm diamond slurries in 
preparation for bonding. 
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Figure 15. Alumina tape: as cast (rear), laminated (left), sintered (middle), and  
 diced fillet (right). 
 
Bonding Trials 
A-plane sapphire blanks2 produced by the edge-defined, film fed growth (EFG) method  
were used in the bonding trials.  The blanks were 300 mm long, 25 mm wide, and 
approximately 3 mm thick.  The crystallographic orientation of the blanks is shown in 
Figure 16.  The c-axis is perpendicular to the long dimension of the sapphire, and the  
m-plane is the bonding surface.  The faces to be bonded were ground flat and 
perpendicular to the loading axis using a 320 grit abrasive diamond wheel.  There was no 
additional preparation to the as-ground surfaces. 
                                                 
2 Saphikon, Milford, NH 
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Figure 16.  Orientation of the a-plane sapphire blanks used for bonding. 
 
 
A custom designed, bottom loading furnace with an external framework to hold and align 
the sapphire was used for bonding experiments (Figure 17).  The sapphire bars were 
clamped at opposite ends and butted together with the polycrystalline alumina fillet 
inserted between the bond surfaces.  The clamping fixture allowed for precise axial 
alignment of the sapphire bars (Figure 18).  An axial force of approximately 4 MPa was 
applied to one end of the sapphire bars via a weighted lever arm.  After securing and 
aligning the sapphire bars, the furnace was lowered into position and the ends were 
sealed with high temperature insulation.  The bond line was then heated in air at a rate of 
2 °C/minute to 1750 °C and held for 8 hours to promote bonding (Figure 19 & 20).  After 
cooling, the bonded bars were removed and inspected (Figures 21 & 22).  The excess 
sapphire bar stock was then removed, yielding a bonded sample approximately 5 cm in 
length. 
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 Figure 17.  Bonding furnace with external framework. 
 
 
Figure 18.  Furnace alignment fixture. 
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 Figure 19.  Furnace clamping fixture. 
 
 
Figure 20.  Sapphire bar glowing at 1750 °C. 
 
 
36 
  
Figure 21.  Bonded sapphire bars. 
 
 
Figure 22.  Bonded sapphire bars (closeup). 
 
 
 
37 
Mechanical Testing 
Modulus of rupture (MOR) specimens were machined from the bonded sapphire bar 
stock (Figure 23) by a diamond wheel grinding process3.  MOR specimens were also 
prepared from unbonded sapphire stock to serve as a benchmark for testing.  The 
thickness of the sapphire bars dictated that "A" size MOR bars be used for testing [33].  
Sample geometry is shown in Figure 24.  
 
 
Figure 23. Bonded sample with excess stock removed and "A"-size MOR bars 
machined from bonded sample. 
 
                                                 
3 Chand Kare Technical Ceramics, Worcester, MA 
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Figure 24.  MOR bar geometry [33]. 
 
The strengths of both the bonded and unbonded samples were characterized by 4-point 
flexure testing, where strength is defined as the maximum tensile stress at failure.  The 
test geometry is depicted in Figure 25, where P is the applied load, a is the distance 
between inner and outer load points, and b and d are the sample width and height, 
respectively.   
 
 
 
 
 
 
 
P
bondline 
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P/2 P/2 
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b
Figure 25.   Geometry of four-point loading flexural strength measurement. 
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The calculation of strength for a rectangular specimen in this configuration is derived 
from the general formula for stress [32]: 
 
    σ = McI   
 
where M is the moment, c is the distance from the neutral axis to the tensile surface, and I 
is the moment of inertia.  For the 4-point flexure configuration: 
 
  c = d2   I =
bd3
12    and M =
P
2
 
  
 
  a  
 
Substitution yields the formula for maximum stress in 4-point loading: 
 
    σ 4⋅ pt = 3Pabd2  
 
4-point flexural testing was carried out using a universal testing machine4 (Figure 25).  
The load and support spans were 10 mm and 20 mm respectively, and the crosshead 
speed was 0.2 mm/min. in accordance with ASTM and Military Standards [33, 34].  Tests 
were conducted at room temperature, in air. 
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Figure 26.  Instron universal testing machine fitted with "A"-size MOR fixture. 
 
Microscopy/EDS 
A sample from each bonding run was examined by optical and scanning electron 
microscopy to visually characterize the bond region topography, porosity and 
microstructure.  Energy dispersive x-ray spectroscopy (EDS), which utilizes x-rays 
emitted from the sample by the electron beam of the microscope to characterize its 
chemical composition, was used to garner information about the diffusion characteristics 
of the various dopants in the bond region. 
                                                                                                                                                 
4 Model 4201, Instron Corp., Canton, MA 
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Weibull Analysis 
Fracture strength was the sole parameter used to down select from among the different 
alumina fillet compositions.  The composition which yielded the highest fracture strength 
was used to conduct several repeat bonding runs which were intended to exactly 
duplicate the original bonding conditions.  The goal of these runs was to provide enough 
MOR specimens to characterize the flaw distribution and the probability of failure versus 
applied stress for the material via Weibull analysis [35]. 
 
Weibull analysis assumes that the risk of failure in a ceramic body is a function of both 
the applied stress and the volume over which the stress acts, according to the relationship: 
 
   F =1− exp − σσ 0
 
 
  
 
 
  
m
dV
V
∫    
 
 


 
  
 
where F is the probability of failure, σ is the applied stress, and σ0 is the "characteristic 
stress" defined as the stress at which probability of failure is 0.632.  The parameter m, 
known as the Weibull modulus, is a constant which characterizes the flaw size 
distribution in the material and reflects material homogeneity.  The higher the value of m, 
the more homogeneous the material and the greater the likelihood that failure will occur 
when the applied stress is equal to the characteristic stress.  The value of the Weibull 
modulus is determined by plotting ln ln [1/(1-F)] vs ln σ  or by plotting the probability of 
failure (F) vs the applied stress (σ) on Weibull graph paper.  In either case, the slope of 
the resultant straight line is equal to the value of the Weibull modulus, m. 
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Results and Discussion 
Fillet Evaluation 
The results of the four-point flexure testing for the five different alumina fillet 
compositions as well as for the monolithic sapphire bars are presented in Table 6.  Five 
(5) MOR specimens were tested for each composition, with the exception of composition 
A.  The error value associated with the average stress at fracture reflects one standard 
deviation of the data.   
 
Table 6. Measured Stress at Fracture of Bonded And Monolithic Sapphire Specimens 
 
 Monolithic Fillet Composition 
 Sapphire A B C D E 
σ1 (MPa) 266 50 59 186 252 129 
σ2 (MPa) 285 53 64 211 276 141 
σ3 (MPa) 291  97 241 295 223 
σ4 (MPa) 294  113 245 312 267 
σ5 (MPa) 344  141 257 319 291 
Average 296 ± 29 52 ± 2 95 ± 34 228 ± 29 291 ± 27 210 ± 73 
 
 
The average fracture stress for the monolithic sapphire bars was 296 MPa (43 kpsi).  This 
value is slightly lower than but within close range of the previously cited strength value 
of 344 MPa (50 kpsi) for sapphire.  The average fracture stresses for the bonded samples 
range from 52 MPa (7.5 kpsi) to 291 MPa (42 kpsi).  This wide range of fracture stresses 
underscores the importance of fillet composition in the bonding process.  
 
Composition A (97 wt.% Al2O3 ,3 wt.% SiO2) and Composition B (97 wt.% Al2O3, 
3 wt.% SiO2 , 500 ppm MgO ) were processed and tested concurrently.  Composition A 
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produced a very low strength bond.  The bond strength was so low, in fact, that only two 
(2) MOR specimens survived the grinding process and were available for strength testing.  
Optical microscopy, conducted on a polished bonded MOR sample, revealed a 
continuous fissure running down the center of the fillet (Figure 27).  This feature was 
present in each of the bars produced using fillet composition A.  
 
 
Figure 27.  Optical micrograph of bonded fillet composition A. 
 
Concern that the fissure could be a result of delamination of the tape cast alumina layers 
prompted a second bonding run using a fillet of Composition A.  The second fillet was 
produced from newly laminated and processed tape and bonding conditions for this 
repeat run were identical to the first.  The bond strength results for both runs are 
compared in Table 7.  As shown, only two MOR specimens survived the grinding process 
 
 
44 
for the second bonding as well, and although there is a slight increase in strength, the 
same central fissure was seen in these samples (Figure 28). 
 
Table 7.  Strength Data for Multiple Bonding Runs Using Composition A 
 
 Composition A 
 Run 1 Run 2 
σ1 (MPa) 50 68 
σ2 (MPa) 53 84 
σ3 (MPa)   
Average 52 ± 2 76 ± 12 
 
 
 
Figure 28. Optical micrograph of  bonded fillet composition A, run #2. 
 
Higher resolution microscopy, using a scanning electron microscope, clearly shows the 
fractured interface (Figure 29).  Also, the image produced by the SEM suggests that what 
appears to be porosity in the optical micrographs may in fact be a second compositional 
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phase.  Extreme magnification (5000x) clearly shows the two distinct regions, as well as 
some residual porosity (Figure 30). 
 
 
 
Figure 29. SEM micrograph shows fissure in the middle of the alumina interlayer of 
composition A. 
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Figure 30. SEM micrograph (5000x) shows 2-phase region present in alumina interlayer 
of composition A.   
 
EDS analysis of these two regions indicates that the lighter regions are purely alumina, 
while the darker regions have high silica content (Figures 31 and 32).  This suggests that 
the silica addition is not uniformly distributed in the tape cast material.  In light of the 
phase diagram shown in Figure A2 of the Appendix, this secondary phase is likely a solid 
solution of alumina and mullite (3 Al2O3·2 SiO2).  The EDS analysis does not reveal the 
presence of any other impurities in the bond region. 
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Figure 31.  EDS analysis of lighter region does not indicate presence of silica. 
 
 
 
Al Ka1 
O Ka1 
Al Ka1 
Si Ka1 O Ka1 
Figure 32. EDS analysis of darker region reveals silica rich composition. 
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Bond strength results for Composition B are significantly higher than for Composition A, 
and the deviation in strength values is comparable to that measured for the monolithic 
samples.  The optical micrograph that is Figure 33 shows that there is no crack present in 
the samples bonded using alumina Composition B.  This early result indicated that the 
presence of MgO is beneficial to the bonding process, and subsequent alumina 
formulations all contained the same level of MgO as composition B. 
 
 
100 µm
Figure 33. Optical micrograph of bonded fillet composition B. 
 
The low magnification scanning electron micrograph in Figure 34 shows how the quality 
of the bond can vary across a sample.  In the upper half of the bonded sample, the fillet 
and the alumina/sapphire interfaces are very distinct, while the lower half of the sample 
appears more uniform and well bonded.  A close-up of the upper section suggests that 
intimate contact was not achieved, resulting in a discontinuous bond (Figure 35).  
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Conversely, the microstructure in the lower section shows that, although there is 
significant porosity in the interlayer, the bond interfaces are relatively well sealed 
(Figures 36 & 37). 
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Figure 34.  Bonded sample of fillet composition B shows 
variation in bond quality along sample length. 
Figure 35. Upper section of fillet displays residual porosity 
and poor contact with sapphire. 
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Figure 36. Lower section of fillet displays similar porosity but 
improved contact and bonding.  
Figure 37. Close-up of bonded region shows interface is 
relatively uniform and well sealed.
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Compositions C and D were formulated and processed simultaneously.  Composition C 
(97 wt.% Al2O3, 1 wt.% SiO2 , 500 ppm MgO ) is equivalent to Composition B but with 
reduced silica content.  This reduction had a significant effect on bond strength, as the 
average went up by 140% and attained 77% of the strength of the monolithic samples.  
An optical micrograph of a typical bond region is shown in Figure 38.  The photo shows 
that not only does the fillet material have considerably less porosity than the previous 
samples, but the bond interfaces are nearly pore free.   
 
 
Figure 38. Optical micrograph of bonded fillet of composition C. 
 
High magnification SEM images confirm that the alumina interlayer has much finer 
porosity than the previous samples and the bond interfaces are very uniform and appear 
to be of high quality (Figures 39 and 40).
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Figure 39. Composition C yielded a high quality bond with 
very fine porosity. 
Figure 40.  Composition C bond interface.  
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Fillet composition D (96.9% Al2O3, 3% SiO2, 0.05% MgO, 0.05% Ti) is equivalent to 
Composition B but with added titanium.  The addition of titanium appears to have had a 
significant, beneficial impact on the bonding characteristics of the alumina as this 
composition yielded the highest fracture strength values, averaging fully 98% of the 
measured average strength of the monolithic sapphire bars with nearly equivalent 
deviation in the data.  The bond region, shown in optical micrographs in Figures 41 and 
42, differs significantly from the previous samples.  The alumina interlayer appears to 
contain a low concentration of very large, irregularly shaped pores.  The irregular shape 
of these features and the high strength of these samples suggests the possibility that there 
may in fact be an amorphous, silicate rich phase present such as reported by Bateman 
[24].  SEM analysis shows, however, that these features are in fact large voids or possibly 
microcracks which were most likely present in the alumina tape prior to bonding (Figures 
43 and 44).  Somewhat surprisingly, the presence of these voids has not had a detrimental 
effect on bond strength.  This is explained by the fact that the sample surface finish is 
achieved using 40 µm diameter diamond particles, while the average pore size diameter 
is estimated to be 4 µm.  Thus, it is reasonable to assume that machining induced surface 
flaws are considerably larger than the internal porosity and therefore more likely to 
initiate fracture.  The high magnification images in Figures 45 and 46 show that the bond 
interfaces are almost fully sealed and the microstructure across the bonded region is very 
homogeneous.  
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Figure 41. Optical micrograph of bonded fillet composition D. 
 
 
 
Figure 42. Optical micrograph of bonded fillet composition D (high magnification). 
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Figure 43.  Bonded fillet of composition D, region 1. Figure 44.  Bonded fillet of composition D, region 2. 
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Figure 45. Bonded fillet of composition D (500x). Figure 46.  Bonded fillet of composition D (1000x). 
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EDS analysis of the composition D interlayer confirms the presence of the Si and Ti 
additives (Figure 47).  The presence of Mg may be masked by the Al(Ka1) peak or the 
MgO may have volatilized. The analysis also reveals sodium (Na) and potassium (K), the 
presence of these salts is likely due to handling of the samples.  Successive measurements 
across the interlayer did not show any appreciable change in impurity levels.  Likewise, 
EDS analysis on the sapphire side of the bond interface revealed only alumina (Figure 
48), indicating that there was no significant diffusion of impurities from the interlayer 
across the interface. 
 
 
Al Ka1 
Si Ka1 
O Ka1 
Na Ka1 Ti Ka1 K Ka1 
Figure 47.  EDS of fillet composition D at bond interface. 
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Al Ka1 
O Ka1 
Figure 48.  EDS of sapphire composition at bond interface. 
 
In view of the strength results for both Compositions C and D, a logical progression in 
fillet chemistry would be a reduction in the silica content of Composition D.  However, 
since there was little room left for improvement in terms of bond strength, it was instead 
decided that a fillet made from undoped, high purity alumina would be a useful addition 
to the test matrix.  
 
Composition E was therefore synthesized from the undoped, high purity alumina powder.  
It was expected, based on previous experience and anecdotal evidence, that this 
composition would result in very weak bond or perhaps no bond at all.  It was assumed 
that much higher temperatures would be required to promote diffusion and bonding with 
no liquid phase present.  The resultant experiments show, however, that a relatively high 
strength bond was achieved although the deviation in strength is three times as high as 
that measured for the other compositions.  The fillet and bond line microstructure, shown 
 
 
60 
in Figure 49, reveals a porous fillet with considerable porosity at the bond interfaces 
which may contribute to the scatter in the strength data.  The unexpected success of this 
particular fillet composition may be explained by a high level of background impurities 
in the undoped powder resulting in a liquid phase during processing.  The presence of a 
liquid phase in undoped alumina compacts made from nominally high purity (99.98%) 
commercial powders has been previously reported by Harmer [36] and Cahoon [37] 
among others. 
 
 
Figure 49.  Optical micrograph of bonded fillet of composition E. 
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Repeat Bonding Trials 
Composition D, which produced the highest bond strengths of the five compositions 
tested, was selected for additional bonding trials.  Four additional trials were conducted 
using the exact same conditions as the original experiments and fracture strength data 
was collected using the same testing procedure.  A second series of monolithic sapphire 
bars were also machined and tested alongside the bonded specimens as a control.  The 
fracture strength data for the repeat bonding runs and the monolithic control specimens 
are presented in Table 8.  The original strength data (i.e. Series 1) for Composition D and 
the monolithic sapphire bars is also shown for reference. 
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 Table 8. Fracture Stress Data for Repeat Bonding Runs 
 
 Monolithic Sapphire Bonded Sapphire: Fillet Composition D 
 Series 1 Series 2 Series 1 Series 2 Series 3 Series 4 Series 5 
σ1 (MPa) 266       255 252 226 205 192 190
σ2 (MPa) 285       263 276 244 227 226 206
σ3 (MPa) 291       264 295 257 245 241 238
σ4 (MPa) 294       285 312 270 261 262 246
σ5 (MPa) 344       288 319 297 275 267
σ6 (MPa)        301 279 276
Average: 296 ± 29 271 ± 15 291 ± 27 266 ± 30 249 ± 29 230 ± 29 237 ± 34 
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The data shows that the fracture stress values for the monolithic bars are approximately 
10% lower than that of the first series.  Likewise, the average fracture strengths of the 
bonded bars are consistently lower than previously measured for this composition.  The 
trend toward lower strength values is clearly seen in Figure 50 which plots the average 
fracture stress for all of the fillet D bonding trials as well as for the monolithic sapphire 
specimens.  This across the board reduction in fracture stress may be attributable to an 
increase in surface damage incurred during the machining process which continually 
worsened as additional samples were processed.   
 
Nevertheless, the lowest average fracture stress measured from these bonding runs is  
230 MPa (33 kpsi) which is still higher than the average strength of any of the other fillet 
compositions.  The highest average fracture strength of the repeat bonding runs is  
266 MPa (38 kpsi) which is again equivalent to 98% of the measured average fracture 
strength of its monolithic sapphire counterpart.  The average fracture strength for all 27 
specimens bonded using alumina composition D is 255 MPa (37 kpsi).  This strength 
value is 90% of the measured strength of the monolithic sapphire specimens which 
averaged 284 MPa (41 kpsi).   
 
It was noted during fracture testing that not all samples broke at the bond line, and fully 
33% of the samples fractured in the sapphire bar outside of the bond region.  The 
distribution of strength with respect to fracture origin is illustrated in the Weibull failure 
probability plot in Figure 52.  Examination of the fracture surfaces of those samples  
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Figure 50.  Average fracture stress data for all fillet D bonded and monolithic sapphire specimens.
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which failed in the bond region showed that failure was neither completely adhesive 
(failure at the sapphire/fillet interface) nor cohesive (failure through the fillet) but a 
combination of the two modes, as shown in Figure 52. 
 
 
Figure 51.  Typical surfaces for fracture occurring in the bond region reveal a 
combination of adhesive and cohesive failure. 
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Weibull Analysis 
A Weibull analysis was performed on the composition D fracture strength data using the 
maximum likelihood estimator method [7].  Graphical representation of the Weibull 
distribution for these samples is presented in a Weibull plot in Figure 52.  All of the data 
falls along the trendline with no gross outlying points.  This indicates a single mode of 
failure.  The Weibull modulus, taken from the slope of the trendline, is 8.2.  The 
characteristic strength, defined as the strength at the 63.2 percentile of the distribution, is 
269 MPa (39 kpsi).  The Weibull distribution for the monolithic sapphire samples, with 
modulus equal to 10.3 and characteristic strength of 295 MPa (43 kpsi), is also shown for 
comparison.  It should be noted that the low number of data points for the monolithic 
sapphire fracture strength renders this analysis relatively unreliable.  
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Figure 52. Weibull distributions and statistics for the monolithic and bonded sapphire 
fracture strength data. 
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Summary and Conclusions 
Bonding trials were conducted on sapphire bars using a polycrystalline alumina interlayer 
to promote diffusion and crystal growth across the bond interface.  A variety of doped 
alumina fillet compositions were tested in an effort to maximize the strength of the bond.  
The fracture strengths of rough ground, m-plane bonded sapphire MOR specimens were 
characterized by four-point flexure testing.  It was determined that an alumina 
composition containing 3% SiO2, 0.05% MgO, and 0.05% Ti by weight, provided the 
best performance.  This composition yielded an average fracture strength of 255 MPa  
(37 kpsi), a Weibull modulus of 8.2, and a characteristic strength of 269 MPa (39 kpsi).  
These results compare very favorably to the fracture strengths of similarly prepared 
monolithic sapphire MOR specimens which averaged 284 MPa (41 kpsi), and show an 
increase of as much as 32% over previously reported strength values [30]. 
 
Evidence from this study indicates that further increases in bond strength may be 
achieved by reducing the silica content of the alumina interlayer to approximately  
1 wt.%, and by modifying the method of silica addition to effect a more uniform 
dispersion.  In any case, future investigation must include an improved surface finish for 
all MOR specimens as the strengths of the highest performing bonded samples and the 
monolithic bars appear to be limited by surface damage incurred during grinding. 
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Appendix  - Phase Diagrams 
 
 
 
 
Figure A1.  The system MgO·Al2O3 - Al2O3 [38]. 
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wt. % Al2O3 
 
Figure A2.  The binary system Al2O3 - SiO2 [39]. 
 
 
 
 
mol. % Al2O3 
Figure A3.  The binary system Al2O3 - TiO2 [40]. 
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